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conduction  and  dipole  relaxation  processes. 
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Spaopaia 


^Ihe  fr^qaeacy  aad  taaperatare  depeadeaee^f  th^cojplex  dielectric 
constant  W*)  of  seven  dlflycidvl-etlier  of  bii^iinol*A^  (D6EBA)  epoxy 
reaiaa  haviag  epoxide  eqai^aleat.  weighta  (EEW)  ia  the  raage  175  to  1880 


have  beea  Boaaared 


from^-30^  t<H^, 


>70*w  at  freqaeaciea  betveea  0.1 


aad  10,000  Hz.  Ia  the  viciaity  of  ia  doaiaated  by  dipole  relaz- 

atiOB*  while  at  higher  teaperatarea  ioaic  coadactivity  doaiaatea.  For 
all  reaiaa*  the  teaperatare  depeadeacea  of  the_|reqaeBcy  of  aaziam 
dipole  loaa*  f---*  aad  of  the  cqpdsjBt4jtity,Hb/jabey .the  filliaaa-Laadel- 


detezaiaed  for 


dipole  loaa*  f---*  aad  of  the  cqpdsjBt4jtity,''~y^  obey  .the  filliaaa-Laadel- 
Ferry  (ILF)  eqM_tiM._  Ihe  WLF  cbaataat^Cj^  aad^  were  deteiaiaed  for 
both  the  fg^^  aad^^ta  for  each  of  the  reaiaa.  Ia  a  givea  aaterial* 
the  WLF  coaataata  for  o  aad  f^,^^  differed*  iadicatiag  that  the  teaper¬ 
atare  depeadeacea  of  the  aobilitiea  of  ioaic  iaparitiea  aad  pezaaaeat 
dipole  BOaeata  differ^  qaaatitatively.  Aa  the  EEW  of  the  aaterial  ia- 
creaaed*  th  eCi  con  a  t  aat  a  for  Oie  JBondactiw4ty.reaaiaed  coaataat.  while 
the  cl  coactaata  iacreaaed.  lhe'X«  coaitaata  for  f-.,  decreaaed  with 


the  C2  coactaata  iacreaaed.  Ihe 


coaitaata  for  f, 
the^  valaea  del 


iacreaciag  reaia  EEW*  approachiag  the  ▼alaea^^teaeUgdjrpr-^ 
coadactivity  at  high  EEW' a,  while  the  correapoadiag  ^2  coaataat  a  de¬ 
creaaed  alightly.  Free  volaae  aad  eatropic  theoriea  of  the  glaca  traac- 
itioa  are  aced  to  iaterpret  theae  reaalta  ia  tetaa  of  the  aaderlyiag 
coadactioa  aad  dipole  relazatioa  proceaaea.. 


1 


nmowcTioM 


The  ■eesnroient  of  dleleetrio  properties  is  videlp  used  ss  s  Besns 
of  stvdpiaf  the  ears  of  of  theraosettiag  polyasrs  heeease  it  is  oae  of 
the  few  aethodt  that  cea  folloe  the  eoaplete  trsasf ozaetioa  froB  liqaid 
resin  to  solid.  The  dieleetrie  properties  of  these  sisterisls 

depend  on  the  nobilities  of  ionle  iaparities  and  of  pexnanent  dipole 
Bonents*  both  of  which  decrease  by  nany  orders  of  nagnitade  daring  care. 
There  is  evidence  in  the  literatnre  of  a  correlation  between  viscosity 
and  both  Bean  dipole  relaxation  tine  [1*2]  and  ionic  eondactivity  [3,4]. 
Recent  stadies  of  themosets  [5*d*7]  have  atteapted  to  Bodel  the  tenper- 
atare  and  care  dependence  of  the  viscosity  nsing  a  WillisBS-Landel-Ferry 
(ILF)  eqaation  [8],  bat  nodified  to  iaclade  the  dependence  of  the  glass^ 
transition  teBpesatare,  Tg*  on  chenical  conversion.  While  there  is 
considerable  evidence  that  the  tenperatare  dependence  of  the  nesn  dipole 
relaxation  tiae  [9]  and  ionic  eondactivity  [10-13]  in  polyaers  can  be 
aodeled  nsing  the  WLF  eqaation*  this  approach  has  not  yet  been  ased  to 
Bodel  the  dielectric  properties  daring  care.  However,  given  the  rela¬ 
tionship  between  the  dielectric  properties  snd  the  viscosity,  sach 
Bodeling  shonld  be  saccessfal. 

The  parpose  of  this  work  is  to  aake  a  first  step  in  the  WLF  Bodel- 
ing  of  dieleetrie  properties  of  earing  epoxy  systeas.  The  WLF  approach 
woald  reqaire  aeasaring  the  teaperatare  dependence  of  the  qnantity  of 
interest  at  fixed  oheaieal  conversion.  This  paper  reports  a  siapler 
stady  of  the  dielectric  properties  of  a  hoaologoas  series  of  D0E8A  epoxy 
resins  of  varying  aoleealar  weights  (withoat  earing  agent).  The  in¬ 
sights  drawn  frea  this  sta^  aboat  the  application  of  the  WLF  eqaation 
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to  tlio  dieleetrie  properties  dnrlap  cure  will  be  disenssed  ia  the  coa- 
elasioa. 

EXPERIMENTAL 

Tbe  epo^  resias  ased  were  sevea  cosaiercisl  ssaples  of  diglycidyl 
ether  of  bitpheaol-A  (DGEBA)  resias  hswiag  epoxide  eqaivsleat  weights 
rsagiag  froa  175  to  1880.  The  stractarsl  foaals  of  KEBA  is  illas- 
trsted  la  Figure  1.  Tsble  1  preseats  epoxide  eqaiwsleat  weight,  the  a 
▼*lae  cslcnlsted  froa  the  EEV,  sad  the  aessared  st  lO^C/aia  nsiag 
DSC.  Prior  to  ase,  the  ssaples  were  hested  aader  vseaaa  to  reaore  water 
sad  other  volatiles. 

The  dieleetrie  aeasareaeats  were  perfoaed  asiag  aicrodieleetro-* 
aetry  [14.15],  which  atilizes  s  silicoa  iategrsted  cireait  seasor  hsviag 
s  eoab  electrode  psttera,  aplifyiag  circa! try,  sad  s  seaieoadactor 
diode  for  teaperstare  aessarcaeat.  The  saaple  to  be  aessared  is  placed 
oa  the  sarface  of  the  seasor,  ia  iatiaate  coataet  with  the  coab  elec¬ 
trode  pattera.  Utiliziag  additioaal  aaplifyiag  circaitry  aad  a  Foarier 
traasfora  sigaal  source /correlator,  the  electrical  adaittaace  of  the 
coab  electrode  pattera  caa  be  aessared  at  freqaeacies  rsagiag  froa  0.005 
Bz  to  10,000  Hz.  The  calibratioa  of  the  seasor  ia  teras  of  the  coaplex 
peraittivity  is  bssed  oa  a  aaaerical  solatioa  to  Laplace's  eqaatioa 
[Id].  The  aaxiaaa  electric  field  is  approxiaately  1000  V/ca. 

The  electrode  area  of  the  aicrodielectroaetry  seasor  is  2  x  3.5  aa. 
Besia  ssaples  of  less  thaa  10  ag  were  applied  to  the  seasors  by  heatiag 
the  seasor  oa  s  hot  plate  aad  aeltiag  the  resia  over  the  coab  electrode 
stractare.  The  seasor  was  placed  iato  a  prograaaable  saaple  chaaber 


under  nitrogen  end  tlie  roon  tenperetnre  reeding  of  the  diode  tenperetnre 
indicetor  wee  celibreted  egeinet  e  themoeonple  embedded  in  the  tensor 
holder.  Ihe  soiple  wet  then  cooled  or  heeted  to  the  eterting  tcapert- 
tore  end  the  tenperetnre  progroi  end  dete  ec^nitition*  nnder  computer 
control,  wts  initieted.  The  tenperetnre  wet  increeted  fron  epproz- 
inetely  -  30* C  to  70*C  in  discrete  steps  of  4*C.  At  etch 

tenperstnre,  the  dielectric  pexnittiwity  end  loss  fector  were  nestnred 
et  26  frequencies  in  the  rsnge  of  0.1  to  10.000  He. 


IBSBLTS  AND  DISCUSSION 

Oonductiwitjr  end  Preqnencj  of  Hszinsei  Dipole  Less 
Figure  2  illustrstes  the  tenperetnre  dependence  of  the  dielectric 
pemittivity  end  loss  fsctor  for  ETON  828  resin,  which  hes  e  gless 
trensition  tenperetnre  of  -17*C.  At  tenperetnres  well  below  T^.  the 
pensittiwity  et  ell  frequencies  hes  e  welne  of  4.2*  end  the  loss  fector 
is  below  0.1.  As  the  tenperstnre  ep^oeches  T^.  the  dipoles  gsin  suff¬ 
icient  nobility  to  orient  pertielly  during  one  cycle  of  the  elterneting 
field.  The  pemittiwity  end  loss  fector  et  the  lowest  frequencies  begin 
to  incresse  first.  With  e  further  incresse  in  tenperetnre.  the  peaitt- 
ivity  for  e  given  frequency  levels  off.  sterts  to  decresse  (e  theznel 
effect  [17.18]).  end  then  ebruptly  inereeses  egsin  es  e  result  of  elec¬ 
trode  polerisstion  [19].  A  dipole  less  peek  is  observed  in  the  loss 
fector.  which  then  rises  continuously  with  tsnpersture  due  to  en  in- 
creesing  ionic  conductivity.  Ihe  frequency  et  which  the  dipole  loss 
peek  occurs  is  proportions!  to  the  sverege  dipole  nobility.  The  ionic 
conductivity  is  proportions!  to  the  nobility  of  ionic  inpnrities.  pro- 


Tided  the  ion  eonoeatxetioa  reaeias  fixed.  This  ie  a  reaeoaeble  eseaap-’ 
tioa  eiaoe  the  ioaie  speoiee  ere  predoaiaeatly  sodiaa  ead  chloride 
reaeiaiag  froa  the  syathetie  proeedare  [20»21]*  elthongh  there  hat  beea 
ao  eaplieit  verificatioa  for  the  tpeeifie  epo^  taaplea  reported  oa 
here.  Both  the  freqaeaey  of  aaziaaa  lota,  faaz*  ioaic  eoadact- 

ivity  iacrease  by  aaay  orders  of  aagaitade  over  a  aarrov  temperatnre 
raage,  a  characteristic  of  relazatioa  processes  very  close  to  the  glass 
traasitioa  teaperatare. 

The  freqaeaey  depeadeaee  of  the  loss  factor  at  fixed  teaperatare, 
showa  for  three  differeat  teaperatares  ia  Figare  3,  illastrates  the 
aechaaiaas  of  ioaic  coadaetivity  aad  dipole  relaxatioa.  At  the  highest 
teaperatare,  22‘c,  the  loss  factor  is  iarersely  proportioaal  to  freq- 
aeacy,  with  a  slope  oa  a  log-log  plot  very  aear  to  -1.  This  behavior  is 
characteristic  of  a  freqaeaey  iadepeadeat  ioaie  coadaetivity,  o,  which 
is  related  to  the  loss  factor  by  the  eqaatioa, 

o  “  e"  SQ  u  (1) 

where  Sq  is  the  peraittivity  of  free  space  aad  u  is  the  aagalar  freq- 
aeacy.  If  electrode  polarize tioa  effects  were  preseat  ia  the  loss 
factor  data,  the  slope  woald  decrease  as  the  freqaeaey  decreased.  Coad¬ 
aetivity  resalts  preseated  here  are  takea  froa  loss  factor  data  where 
polarizatioa  effects  are  abseat. 

At  the  lowest  teaperatare,  -12*C,  there  is  a  peak  ia  the  loss 
factor  haviag  a  aaziaaa  valae  of  aboat  2,  characteristic  of  a  dipole 
relaxatioa  process.  The  asyaetric  shape  of  this  peak  is  well  described 
by  a  Williaas-Watts  faactioa  [22].  This  will  be  disoassed  ia  aore 
detail  ia  a  separate  coaaaaicatioa.  The  reseat  aaalysis  is  ooaceraed 
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only  witli  tlie  ayerase  dipole  aobility.  eharaeterixed  by  tbe  frequency  of 
■azimun  loss.  At  an  intexaediate  teaperatnre,  S*C,  tbe  ionic  cond¬ 
uctivity  is  observed  at  low  frequencies*  while  the  onset  of  the  dipole 
loss  peak  is  seen  at  high  frequencies. 

The  teaperature  dependent  conductivities  of  all  of  the  resin  saa- 
pies,  detexained  at  frequencies  where  the  loss  factor  is  inversely 
proportional  to  frequency*  are  shown  plotted  in  Arrhenius  fashion  in 
Figure  4.  Ihere  is  significant  cnrvature  in  this  plot*  indicating  that 
the  conduction  process  is  not  siaply  activated*  and  suggesting  a  process 
described  by  the  WLF  equation.  The  solid  curves  through  the  data  points 
represent  the  fit  to  the  ffLF  equation*  to  be  discussed  below. 

The  teaperature  dependence  of  the  frequency  of  aaziaua  loss  for 
each  resin  saaple  was  detexained  directly  froa  the  loss  factor  versus 
teaperature  data  by  identifying  the  dipole  loss  peak  teaperature  for 
each  frequency.  An  Arrhenius  plot  of  the  data  is  presented  in 

Figure  S.  Although  not  as  pronounced  as  the  conductivity  dsta*  careful 
ezaainatiou  of  the  data  reveals  curvature  characteristic  of  WLF  rather 
than  Arrhenius  behavior.  Ihe  saaller  curvature  is  due  to  the  fact  that 
the  dipole  relaxation  occurs  at  teax>eratures  aucb  closer  to  the  glass 
transition  and  over  a  auch  narrower  teaperature  range.  Ihe  apparent 
activation  energies  calculated  frost  the  data  are  in  tbe  range  350-500 
kJ/aol,  eztreaely  large  for  a  theraally  activated  process.  Ihe  solid 
curves  represent  the  fit  to  the  WLF  equation*  to  be  described  below. 


WilllaB«-LaBdel'-F«r<7  Btutioii 
Hie  Willimt-Lendel-Ferry  (fLF)  equation  [8]  ia  expressed  as 


lo*  (  a-  ) 


-  (  T  -  T^) 

S  ^  T  -  ^s 


(2) 


vliere  a^  is  tlie  shift  factor,  originally  defined  as  the  ratio  of  the 
viscosity  at  temperature  T  to  that  at  a  reference  temperature.  T^. 
and  C2  constants  which  depend  on  the  reference  temperature  chosen 
and  on  the  material.  The  constants  were  originally  thought  to  be  univ¬ 
ersal.  having  values  of  17.44  and  51  .d  when  the  reference  temperature 
was  taken  as  the  dilatometric  glass  transition  temperature.  The  univer¬ 
sality  of  this  equation  was  attributed  to  relaxation  processes  governed 
by  free  volume.  By  combining  Doolittle's  free  volnee  theory  of  viscos¬ 
ity  [23]  with  a  free  volume  that  increases  linearly  with  temperature 
above  the  glass  transition  temperature,  the  constants  and  C2  can  be 
expressed  in  terms  of  f^.  the  free  volume  fraction  of  the  glass,  and  a 
free  volume  thermal  expansion  coefficient.  Ao.  taken  to  be  the  differ¬ 
ence  in  the  thermal  expansion  coefficients  above  and  belov  the  glass 
transition  temperature. 
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The  proposal  by  Fox  and  Flory  [241  that  T^  is  an  iso-free-volne  state 
(fg  constant)  and  e^erimental  evidence  [8]  shoving  that  Aa  is  approx¬ 
imately  constant  for  a  large  number  of  polymers  supported  the  argument 
that  the  WLF  constants  were  universal. 


To  explain  the  snbeeqnent  observation  that  the  constants  and  C2 
were  not  nniversal.  Caben  and  Tnmbnll  [25]  proposed  a  theory  for  trans¬ 
port  based  on  free  volume  in  which  a  critical  free  volnme,  V*,  resulting 


from  redistribution  of  free  volume  without  a  diange  in  energy,  is  re¬ 
quired  for  a  particle  to  diffuse.  This  theory  leads  to  the  WLF  equa¬ 
tion,  with  the  constants  equal  to  [10]. 


(4) 


where  y  is  a  factor  to  account  for  the  overlap  of  free  volume  [25] ,  and 
f*  is  the  critical  free  volume  fraction.  Since  the  critical  free  volume 
will  depend  on  the  particle  or  molecule  diffusing,  this  theory  helps 
account  for  the  observed  material  dependence  of  the  constants.  When  the 
theory  is  applied  to  dielectric  relaxation  of  polymers,  the  critical 
free  volume  is  interpreted  as  that  volume  necessary  for  the  polar  seg¬ 
ment  to  relax.  In  recent  work  in  which  the  ionic  conductivity  of  poly¬ 
mers  was  Interpreted  in  terms  of  WLF  theory  [10,11],  the  critical  free 
volume  has  been  interpreted  as  that  volume  required  for  ion  transport. 

Adam  and  Gibbs  [26]  proposed  a  theory  for  cooperative  relaxation 
processes  in  polymers  near  based  on  Gibbs  and  Dimarzio's  entropic 
theory  for  the  glass  transition  [27].  The  theory  assumes  a  configura¬ 
tional  entropy  which  goes  to  zero  at  a  temperature  T2.  A  second  order 
phase  transition  would  occur  at  T2  ^f  the  rate  of  molecular  rearrange¬ 
ment,  which  depends  on  the  configurational  entropy,  did  not  become 
infinitesimal.  The  glass  transition  is  observed  experimentally  at  a 


temperature  Tg  >  T2>  which  is  the  temperature  at  which  the  time  scale 
for  molecular  rearrangement  becomes  comparable  to  the  time  scale  of  the 
experiment. 

The  Adam  and  Gibbs  theory  relates  the  relazational  properties  of 
polymers  to  the  Gibbs  and  Dimarzio  second  order  transition  temperature, 
^2*  basis  of  the  theory  is  that  the  nnmber  of  segments  required  for 

a  cooperative  relaxation  increases  as  the  temperature  decreases,  making 
the  relaxation  process  more  difficult.  An  average  transition  probabil¬ 
ity,  W(T),  is  derived, 

W(T)  -  A  exp  (-z*Ap  /  kT)  (5) 

where  z*  is  the  number  of  molecules  or  segments  involved  in  the  relax¬ 
ation,  and  A|i  is  the  free  energy  barrier  per  molecule  or  segment. 
Assuming  the  cooperatively  rearranging  regions  to  be  noninteracting 
subsystems,  z*  is  expressed  in  terms  of  s*,  a  critical  entropy  for 
rearrangement,  and  the  configurational  entropy  per  segment,  equal  to  the 
molar  configurational  entropy  of  the  sample,  S^.,  divided  by  Avogadro's 
number,  N^y. 
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Ns*/ 

av  c 


S 

c 


(6) 


As  the  temperature  is  lowered  and  the  molar  configurational  entropy,  S., 

c 

approaches  zero,  z*  gets  very  large,  and  the  average  transition  probab¬ 


ility  W(T)  gets  very  small.  The  temperature  dependence  of  the  entropy 
term  is  expressed  in  tezms  of  the  change  in  specific  heat  at  the 
glass  transition,  AC_, 


S  (  T  )  -  AC  In  (  T  /  T-) 
c  p  * 


(T) 


I 

I 

1 

i 
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recalling  that  the  configurational  entropy  is  zero  at  tenperatnre  T2* 
Note  that  this  equstion  does  not  include  say  ionic  contribution  to  the 
entropy;  nor  are  the  ions  presumed  to  participate  in  the  initial  parti¬ 
tioning  of  the  systen  into  se^^ents  in  Eq.  6.  This  point  will  be 
addressed  later  as  possibly  affecting  the  difference  between  the  ^■az 
and  conductivity  C2  constants. 

The  shift  fsctor.  s^,  csn  be  expressed  as  a  ratio  of  transition 
probabilities  at  temperatures  T  and  T^,  and  rearranged  to  yield  an 
expression  in  the  form  of  the  WLF  equation. 

-  C,  (  T  -  T  ) 

log  (  a-  )  -  log  (  f(T  )  /  W(T)  )  -  - - - - -  (8) 

^  *  Cj  +  (  T  -  ) 

where  the  VLF  constants  and  C2  are  approximately. 

2.303  a*  A(i  T  In  (  T  /  T,  ) 

C  -  _ «  C  -  »  *  -  ^ _  (9) 

^  k  AC  T  In  (  T  /  T.)  ^  1  +  In  (  T  /  T,  ) 

p  s  s  z  s  z 


The  WLF  constants  can  be  expressed  in  terms  of  the  "true"  second  order 
^  transition  temperstnre  T2.  snd  the  energy  barrier  Ap.  Adam  and  Gibbs 

pa 

found  "universsl"  values  of  T^/T2  >1.3  and  Tg-T2  >  S3*C.  and  estimated 
Ap  to  be  comparable  to  molecular  interaction  energies  [26] . 

£ 

I 

r  Interpretation  of  and  C2 


The  results  presented  in  the  Arrhenius  plots  of  Figures  4  snd  5 
suggested  thst  both  the  conductivity  and  the  frequency  of  maximum  loss 


10 


could  be  represented  by  the  WLF  equation.  Ibe  sobstitntion  of  a  or  '..z 
for  viscosity  in  the  definition  of  the  shift  factor.  a^»  necessitated  a 
sign  change  in  Equation  2.  because  both  a  and  f^^^  increase  vitl  in¬ 
creasing  temperature.  To  determine  Cj  and  C2  ior  a  given  material,  a 
variation  of  the  standard  WLF  test  plot  procedure  [8].  shown  in  Figure 


6.  was  used.  Each  of  the  data  points 


rial  reference 


temperature,  and  the  resulting  values  of  and  C2  were  then  normalized 
to  a  reference  temperature  equal  to  the  glass  transition  temperature 
determined  from  the  DSC.  The  set  of  normalized  constants,  which  agreed 
to  ^10%  for  the  conductivity  data  and  s20h  for  the  f^^^, 
averaged  to  obtain  the  "best  fit"  Cj  and  C2  values  for  that  material. 
These  values  are  presented  in  Table  2  for  the  conductivity  and  in  Table 
3  for  the  frequency  of  maximum  loss.  The  eoustants  in  the  Tables  were 
used  to  draw  the  solid  curves  through  the  data  in  Figures  4  and  5. 

The  conductivity  constant  is  independent  of  the  EEW  of  the 
resin,  while  the  fg,,^  ^1  constant  and  the  C2  constants  are  EEW  depen¬ 
dent.  For  the  cases  that  are  EEW  dependent,  note  that  the  values  for 
the  two  low  molecular  weight  resins  are  similar  to  one  another,  as  are 
those  for  the  four  high  EEW  resins,  while  the  n"0.6  resin  values  are 
intermediate.  The  conductivity  at  T^  increases  with  increasing  EEW  of 
the  resin,  while  f.^x^^g^  constant.  The  variation  in 

a(T^)  for  the  different  resins  is  too  large  to  attribute  to  variations 
in  ionic  impurity  concentration  and.  iastead,  is  attributable  to  a  basic 
difference  between  ion  mobility  and  polymer  chain  mobility.  This  is 
discussed  in  detail  below.  The  approximately  constant  value  of  f^ax^^g^ 
indicates  a  correlation  between  the  DSC  glass  transition  temperature  and 


the  dipole  lost  peek  Beeswed  et  t  freqoeaep  of  epproziaetely  3  Hz.  A 
siailer  correletioa  between  tke  low  frequency  dipole  lost  peek  end 
▼itrif icetion  hes  been  observed  in  enring  qrstCBS  [18]. 

AsssBing  tbet  it  en  iso-free~volinie  stete  (fg  eonstent)  [24]  , 
and  tbe  overlap  factor  y  independent  of  EEi.  Coben  and  Tnrnbnll's 
Bodel  described  above  predicts  tkat  the  constants  for  conductivity 
*Bd  fgin,  proportional  to  critical  voliaes  for  ion  transport,  and 
for  polar  segnental  motion,  Vg,  respectively.  Ihe  behavior  indicates 
that  the  critical  voIubc  for  ion  transport,  V*,  it  independent  of  EEf. 
This  is  not  surprising  because  of  the  saall  size  of  the  ionic  impurities 
relative  to  the  resin  molecules;  even  the  lowest  EEV  resin  is  large 
compared  to  the  ion.  The  observed  decrease  in  Vg,  the  critical  volume 
for  segmental  motion,  suggests  the  volcme  required  to  relaz  a  typical 
dipolar  segment  decreases  with  increasing  EEW.  This  result  may  not  be 
due  to  the  increased  chain  length,  but  to  the  changing  chemical  composi¬ 
tion.  Referring  back  to  Figure  1,  two  types  of  polar  segments  can  be 
identified:  a  glycidyl  ether  unit  at  the  chain  end  and  a  hydrozyether 
segswnt  in  the  backbone  of  the  oligomers.  As  the  molecular  weight  of 
the  resin  increases,  there  is  a  ^stematic  increase  in  the  fraction  of 
Iqrdro^ether  segments.  Assuming  all  of  the  DGSA  resins  are  linear 
molecules,  and  the  polarities  of  the  two  types  of  segments  are  approz- 
imately  the  same,  the  fraction  of  Iqrdro^ether  segments  in  a  sample  of 
given  EEV  will  be  equal  to  a/(2+n).  If  the  critical  volume  for  seg¬ 
mental  relazation  can  be  ezpressed  in  tesms  of  a  number  average  of  that 
for  a  lydrozyether  segment  (BE)  and  of  a  glycidyl  ether  se^ent  (CE) , 
then  can  be  ezpressed  as. 


1  (2+nr  1,GE 


"TT+iT"  ''1,1® 


\ 


This  B-depsndence  can  ba  illnstratad  as  follovs.  Taking  C]^,he  as  aqnal 
to  10 .S,  the  ayerage  value  obtained  froa  the  ionic  condnetivity  anal]r~ 
sis.  and  taking  as  tviee  yields  the  solid  line  plotted  in 

Figure  7.  The  agreeaent  is  qnalitative  at  best,  but  supports  the  Iqrpo- 
thesis  that  the  valne  is  related  to  the  type  of  polar  segaent  relax¬ 
ing,  A  possible  explanation  for  the  difference  in  critical  relaxation 
volxnes  for  the  two  segaents  is  that  the  hydroxyether  aay  relax  by  a 
crankshaft  aeehanisa  with  ainiaal  involvement  of  neighboring  aolecsles. 
whereas  the  relaxation  of  the  glycidyl  ether  requires  cooperative  motion 
of  neighboring  aoleoules. 

The  free  volume  theory  is  unable  to  ejqplain  the  behavior  of  the  C2 
constants.  Referring  back  to  Equation  2.  the  C2  constant  depends  only 
on  f^,  the  free  voloae  fraction  at  Tg.  and  Au.  the  difference  in  thermal 
expansion  coefficients  above  and  below  Tg.  On  this  basis,  the  C2  values 
should  be  the  same  for  the  f^^^  conductivity  data,  but  the  C2 

values  determined  from  the  condnctivi^  data  increase  with  increasing 
EEV.  while  those  determined  froa  the  f^^j^  data  decrease  slightly. 

The  Adasr-Gibbs  thexaodynaaic  theory  provides  an  expression  for  C2 
in  terns  of  the  second  order  transition  temperature.  T2.  which  can  be 
determined  directly  from  C2  using  Equation  8.  The  results  of  this 
analysis  for  the  fa«s  data  are  presented  in  Table  4.  The  T2  values 
range  from  17S  K  for  the  n"0.2  sasple  to  309  K  for  the  n>12.1  saaple. 
while  the  corresponding  values  of  Tg  are  257  K  and  352  I.  respectively. 
The  average  value  of  Tg-T2  for  the  seven  samples  is  60*C  ±  21%  which  is 


eoasi stent  with  the  vslne  of  SS  ±  11%  fonad  hgr  Adsa  sad  Gibbs  for  s 
wide  variety  of  polyaers  [26].  The  saae  analysis  was  repeated  for  the 
condnctivity  data  and  the  resnlts  are  presented  in  Table  S.  The  T2 
valnes  range  froa  a  low  of  209  K  for  the  n^.3  ssaple  to  259  K  for  the 
n*12.1  ssaple.  These  valnes  are  slgnif ieaatly  different  than  those 
deteiained  froa  the  f^^,  data.  This  is  ea^asised  in  Fignre  8,  which  is 
a  plot  of  the  T2  valnes  versus  the  Tg  of  the  resins.  The  f^^^  valnes 
scatter  abont  a  line  with  a  slope  of  1.2*  while  the  condnctivity  T2 
valnes  are  relatively  independent  of  Tg. 

The  correlation  of  the  T2's  froa  the  f^g^  with  Tg  indicates 

that  the  teaperatnre  dependence  of  the  conf ignrational  entropy  function 
governing  the  heat  capacity  change  at  Tg  aeasnred  by  the  DSC  is  siailar- 
to  that  governing  the  dipole  relaxation.  The  constant  valnes  of  f^^^ 
the  DSC  Tg  are  a  aaaifestation  of  this.  The  relative  insensitivity  of 
the  condnctivity  T2  valnes  to  Tg  indicates  that  cooperative  aolecolar 
relaxation  processes  are  only  a  part  of  the  conduction  process.  The 
vide  variation  in  a(Tg)  for  the  different  resins  is  consistent  with  this 
interpretation.  The  application  of  the  Adaa-Gibbs  theory  to  the  ionic 
conductivity  may  require  a  reformulation  or  redefinition  of  the  critical 
segment  (Eq.  6)  and/or  the  relevant  configuration  entropy  term  (Eq.  7)* 
to  account  for  the  additional  ooaf igurational  states  available  to  ions. 
Such  a  refoanlatioa  has  not  been  carried  out. 

OONCUSICM 

The  temperature  dependences  of  the  conductivity  and  frequency  of 
maximum  loss  in  D6EBA  epoxy  resins  near  T  sre  described  by  different 


WLF  equtiont,  dtM  to  the  differint  aetnres  of  the  condeetion  end  dipole 
relezetion  proceeses.  The  WLF  eonetente  reflect  critieel  Tolnes  for 
ion  transport  and  dipolar  sapient  notion.  Ihe  critical  volnmes  for  ion 
transport  are  independent  of  resin  EEW*  because  of  the  aall  size  of 
ionic  impurities  relative  to  the  reain  noleonles.  Ihe  EEV  dependence  of 
the  critical  volnmea  for  polar  seimental  motion  correlates  with  the 
relative  concentrations  of  glycidyl  ether  and  l^drozyether  segments, 
leading  to  specnlation  that  the  hydroi^ether  relaxes  by  a  crankshaft 
mechanism  with  miminal  involvement  of  neighboring  molecules,  while  the 
glycidyl  ether  requires  cooperative  motion  of  neighbors. 

The  Adam-Gibbs  entropic  theory  of  the  glass  transition  was  used  to 
determine  the  Gibbs*-Dimarzio  second  order  transition  temperatures,  T2, 
from  the  WLF  C2  constants.  For  the  f^gs  ^2  were  about  60* 

below  Tg.  The  T2  values  determined  from  the  conductivity  data  were 
relatively  independent  of  T  ,  indicating  that  degrees  of  freedom  in 
addition  to  the  polymer  chain  configurations  are  required  for  the  ionic 
conduction  process,  and  that  proper  application  of  this  theory  to  con¬ 
duction  will  require  refomnulation  to  account  for  these  additional 
degrees  of  freedom. 

An  important  conclusion  to  be  drawn  from  these  results  is  that  to 
first  order,  the  parameters  end  T2  describing  the  temperature  depen¬ 
dence  of  the  conductivity  are  both  relatively  independent  of  the  de¬ 
tailed  chemical  structure  of  the  sample.  Iherefore,  in  curing  systems, 
if  the  constancy  of  and  T2  can  be  assoned,  it  should  be  possible  to 
follow  the  change  in  Tg  during  cure  using  the  measured  conductivity 


ehkiit*  and  the  ILF  e^uetioa.  Resalt*  sappoctiag  this  idea  will  be 
preseated  ia  a  separate  ooaaaaicatioa. 
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Tftbl*  1  -  Epoxy  Rotia  Saaplos 


Staple 

EEV 

a 

Tg(*C) 

EPON  X22 

17  5I 

0 

-19 

EFON  828 

I85I 

0.1 

-17 

EPON  834 

255I 

0.4 

-4 

EFON  lOOlF 

490* 

2.3 

42 

EPON  1002F 

<60^ 

3.4 

51 

EPON  1004F 

900^ 

5.1 

61 

EPON  1007F 

1880^ 

12.1 

79 

^  Values  from  [20] 

^  Staples  tod  EEW's  by  titxatioo  supplied  by  J.  Lellty,  Univ.  of  Akron 
EPON  is  t  registered  trtdeatrk  of  Shell  Oxeaictl  Co. 


Table  2  -  WLF  Constants  for  a 


ID 

n 

Cl 

C2(*C) 

log[a(Tg)l 

X22 

0 

10.2 

• 

0 

•N 

34  ± 

3 

-15.7 

828 

0.2 

10.3 

a  0.1 

30  ^ 

5 

-16.1 

834 

0.6 

10.1 

±  0.2 

49  ± 

6 

-15.4 

1001 

2.3 

11.5 

*  0.6 

92  ± 

10 

-14.1 

1002 

3.4 

10.1 

a  0.2 

71  * 

5 

-14.7 

1004 

5.1 

11.3 

±  0.4 

82  ± 

9 

-15.3 

1007 

12.1 

10.3 

A  0.4 

83  A 

11 

-14.5 

19 


.V  . 


Table 

3  -  VLF  Conataata  for 

^■az 

ID 

n 

Cl 

C2(*C) 

X22 

0 

21 .4 

±3.5 

61  ±  12 

-0.1 

828 

0.2 

21.2 

±3.5 

71  ±  13 

0.3 

834 

0.6 

15.2 

±  2.7 

48  ±  10 

-0.2 

1001 

2.3 

12.5 

±1.0 

51  ±  4 

1.3 

1002 

3.4 

12.7 

±1.8 

53  ±  8 

0.8 

1004 

5.1 

13.4 

±  1.4 

55  ±  7 

0.5 

1007 

12.1 

11.6 

±  1.2 

40  ±  6 

0.1 

Table  4  -  A.daarGibba  iknaWsis  tor 


Table  5  -  Adaai-Gibbs  Analysis  for  condactivity  data 


n 

^2 

^2 

V^2 

0 

34 

254 

217 

37 

0.2 

29 

257 

225 

32 

o.d 

48 

269 

215 

54 

2.3 

91 

315 

209 

106 

3.4 

71 

324 

245 

79 

5.1 

81 

334 

242 

92 

12.1 


82 


352 


259 


93 


TEMPERATURE  {®C) 


Pexsittivity,  s'.  «&4  lost  factor,  e",  versus  temperature  for 
EPON  828  at  frequencies  of  0.1,  1,  10,  100,  1000  and  10,000  Hz 


▲ 


-\2°C 
5°C. 
22  °C 


••i. 

.A  •• 


10“'  10°  lO'  I02  10^  lO'^ 
FREQUENCY  (Hz) 


Lost  fsetor,  s".  yertus  frequoaej  for  EF(H(  828  st  teaperstnres  of 
-12  C.  5*C  and  22*C. 


Gibbf-DiMarx io  Mcond  order  treaeition  teaperetnre,  T2.  versus 
(lass  traasitioa  teaperatare  of  D6EBA. 
triaaales  -  «,  eireles  -  f... 
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